Abstract-Device-to-device (D2D) communications has gradually become a promising technique to support wireless peer-to-peer services and enhance the overall spectrum utilization. In the meantime, the full-duplex communication technique has also attracted significant research interest recently. In this paper, for the first time, we employ the D2D communication concept in a full-duplex cellular network. In such a scenario, the user equipments (UEs) are allowed to communicate between each other by reusing the spectrum resources of cellular uplinks and downlinks. However, this D2D underlaying full-duplex cellular scenario poses a new challenge for interference management. The complicated UE-to-UE interference among cellular links and D2D links self-interference at the base station can critically affect network performance. Therefore, we investigate the joint resource block assignment and transmit power allocation problem, in order to optimize the network performance and spectrum utilization. Furthermore, we use graph theory to model the investigated scenario and propose a novel graph coloring based resource sharing scheme to solve the joint optimization problem effectively with acceptable complexity. The performance of our scheme is evaluated through Monte-Carlo simulations.
node, which makes it difficult for the receiver to recover the desired signal. Most of existing work focused on how to reduce or eliminate the SI effectively [18] [19] [20] . In [18] , an SI cancellation scheme for full-duplex orthogonal frequencydivision multiplexing (OFDM) systems was proposed, which results in a higher level of the cancellable SI power. In [19] , the elimination of the underlaying interference is achieved in a novel full-duplex relay system based on time and antenna sharing. To the best of our knowledge, the combination of analog and digital techniques has been used to achieve 110 dB SI cancellation, which makes full-duplex systems more applicable [20] .
In this paper, we for the first time introduce the D2D communication concept into a full-duplex cellular network in order to benefit from both techniques, and then proposed a scheme to solve the resource allocation problem of this scenario efficiently and effectively. The numerical simulations demonstrate the advantage of our proposed scheme in achieving a good tradeoff between network performance and computational complexity. The detailed contributions of this paper can be summarized as follows.
1) We propose a novel underlaying communication mode in which different cellular uplinks, cellular downlinks, and D2D communication links are allowed to share resources for their individual data transmission. Due to the combination of the D2D underlaying communication mode and the full-duplex communication mode, the interference relationships among different communication links become more complicated than those in the traditional half-duplex communication mode, which makes the interference management more difficult. 2) In such a D2D underlaying full-duplex cellular scenario, we investigate the resource sharing issue and formulate this into a joint resource block (RB) assignment and power allocation optimization problem. We consider a general case where each link can acquire multiple RBs for data transmission and each RB can be assigned to multiple links simultaneously. 3) Considering that graph theory has been proved to be efficient and effective in the design and analysis of the resource management problem [21] [22] [23] [24] , we then propose a graph coloring based resource sharing (GCRS) scheme to effectively solve the joint optimization problem in order to obtain a near-optimal solution with low complexity. 4) In the proposed GCRS scheme, we first construct a graph according to the investigated scenario, where vertices and edges are used to denote communication links and interference among them, respectively. Then, we iteratively execute the RB assignment and power allocation procedure until the concluding condition is satisfied. The details of the algorithm are described in Section III. The complexity analysis proves that our scheme can solve the joint optimization problem with acceptable computational complexity. The remainder of this paper is organized as follows. In Section II, we present the system model of the D2D communications underlaying full-duplex cellular networks. In Section III, we then formulate the joint RB assignment and transmit power allocation optimization problem. In Section IV, graph theory is used to construct an interference graph of the system model, and the GCRS scheme is proposed to solve the joint optimization problem effectively and efficiently. In Section V, we present the numerical simulation results and relevant discussions on the performance of our proposed scheme. Finally, the summarizing remarks are given in Section VI.
II. SYSTEM MODEL
We consider a scenario of a single cell with one BS and multiple user equipments (UEs). As shown in Fig. 1 , three types of UEs coexist in the system, i.e., M 1 uplink UEs, M 2 downlink UEs, and N D2D pairs. The BS is located at the center and the UEs are uniformly distributed in the cell. Note that each of the UEs in the system is equipped with a single omnidirectional antenna, whereas the BS is equipped with both transmit and receive antennas, which means the BS can work in full-duplex mode. In the system model, A i , B j , and D n , respectively, denote an uplink, a downlink, and a D2D communication link. Within a D2D link D n , D n,t represents the transmitter whereas D n,r represents the receiver, and they should meet the distance requirements of direct D2D communication. Based on the definitions above, M 1 , M 2 , N , and K are denoted as the set of uplink indices, downlink indices, D2D indices, and RB indices, respectively. Then, we have i ∈ M 1 , j ∈ M 2 , n ∈ N , and k ∈ K.
At the physical layer, OFDM technique is adopted to support multiple accesses for different communication links, which can achieve high system throughput. The total channel bandwidth W is divided into K orthogonal RBs, where each RB occupies a certain number of orthogonal subcarriers. The channel fading on each RB is assumed to be flat and follow Rayleigh distribution. Besides, the power of the thermal noise at each receiver on each RB is assumed to be the same, denoted by σ
2 . An underlaying resource sharing communication mode is proposed to improve the spectrum efficiency of the considered cellular network, in which the cellular communication links, i.e., the uplinks and downlinks, and the D2D communication links are permitted to access the same RBs for their individual data transmission. This mode makes it possible to effectively improve the network throughput via efficient interference management protocols. Note that in a D2D underlaying cellular network, traditional cellular communication links have higher priority than the D2D communication links when accessing the RBs. If an uplink and a downlink share the same RB, we regard the pair of them as a "link pair." Different link pairs are not permitted to share the same RB. This is because all of the link pairs have the same downlink transmitter, i.e., the BS. If different link pairs share the same RB, the information for different downlink receivers would be mixed at the BS, which makes it difficult for each receiver to distinguish its demanded information from the overlapping signals.
Suppose that the CUEs, the BS, and the D2D pairs can transmit with power constraint P A , P B , and P D , respectively. , respectively. Besides, we use g
, and g k D n ,D n to represent the interference channel gains from uplink A i to downlink B j , from uplink A i to D2D link D n , from downlink B j to D2D link D n , from D2D link D n to uplink A i , from D2D link D n to downlink B j , and from one D2D link D n to another D2D link D n , respectively. Note that in all the denotations above, we have i ∈ M 1 , j ∈ M 2 , n ∈ N , n ∈ N , n = n, and k ∈ K. In our system model, the channel gains of a communication link can be represented by g = h · d −α , where h is the normalized small-scale fading, d is the distance between the transmitter and the receiver of the link, and α is the distance-dependent path loss factor. Therefore, the interference relationships among different communication links can be summarized as follows:
where l i → l j represents the interference from link l i to link l j . Note that in the first item above, η SI represents the SI cancellation factor at the BS, which can be reduced to 110 dB as realized in [20] .
In our investigated scenario, the BS works as a centralized scheduler that deals with different communication requests from the CUEs that require uplink and downlink data transmission and the D2D pairs that expect to set up D2D communication links. According to the acquired communication requests and channel state information (CSI), the BS allocates the RBs based on efficient resource sharing algorithms, and broadcasts the RB assignment solution and the corresponding transmit power to the CUEs and D2D pairs in the investigated network. Through every resource allocation process, each uplink, downlink, and D2D communication link can be assigned with multiple RBs for data transmission.
Note that the global CSI is widely applied in the literature of D2D communications [26] [27] [28] . So far, few research works have focused on D2D channel modeling [29] , [30] . In our investigated scenario, the required global CSI mainly includes the CSI of uplinks, downlinks, D2D links, and interference links, which is somewhat more demanding than that in traditional cellular networks. However, the increased signaling overhead can be reduced by various methods. For example, the CSI can be collected periodically rather than in real time and the required CSI in our proposed resource allocation scheme can be acquired through channel prediction methods based on the previously reported CSI. This can effectively reduce the required signaling overhead and achieve flexible tradeoff between the performance and the communication overhead.
III. JOINT RB ASSIGNMENT AND TRANSMIT POWER ALLOCATION PROBLEM FORMULATION
In this D2D underlaying full-duplex cellular network, our goal is to find the optimal RB assignment solution as well as the corresponding optimized transmit power allocation on each allocated RB for all the communication links in the network. Let
be the RB assignment solution, where
] represent the RB assignment matrices of uplinks, downlinks, and D2D links, respectively. π
, and π k D n denote the RB assignment index, which can be given as
Moreover, let
be the corresponding transmit power allocation of the cellular and D2D communication links, where
] represent the power allocation matrices. As
, and p k D n denote the transmit power of cellular uplink A i , cellular downlink B j , and D2D link D n on RB k , respectively.
Then, the achievable signal-to-interference-plus-noise ratio (SINR) for cellular uplink A i on RB k can be expressed as
the SINR for the cellular downlink B j on RB k can be expressed as
and the SINR for the D2D communication link D n on RB k can be expressed as (8), shown as the bottom of the page. According to the Shannon capacity formula, the channel rate of uplink A i can be obtained by
the channel rate of downlink B j can be obtained by
and the channel rate of D2D communication link D n can be obtained by
Therefore, the network throughput can be expressed as
The optimal solution of the RB assignment problem and the transmit power allocation problem cannot be obtained independently, since the power allocation will determine the intensity of the receiving signal and the interference relationships among different communication links, and the interference relationships will further determine the network performance. The optimal solution of the joint RB assignment and power allocation problem can be expressed as
where γ
, and γ
are given in (6)- (8), respectively. The first constraint in (14) corresponds to (2)-(4). The second and third constraints guarantee that the BS works in the full-duplex mode and at most one link pair can occupy the same RB for data transmission, whereas the fourth constraint guarantees that the power allocation of each link on different RBs satisfies individual power constraint. Moreover, in this paper, we mainly focus on the resource allocation problem in the underlaying cellular network to optimize the network throughput at one time slot. Therefore, the fairness problem among different communication links, which can be solved by further designing a proportional fair scheduler along the time line based on our obtained solutions [31] [32] [33] , is without our consideration.
In theory, the optimal solution to the formulated optimization problem (13) and (14) can be obtained through exhaustive search for all possible choices of π
, and p k D n subject to the constraints given in (14) . Even though the power allocation problem is not considered in the optimization problem, the RB assignment optimization problem still has an extremely high computational complexity. Specifically, the computational complexity can be obtained as the multiplication of the number of all possible choices of π , with i ∈ M 1 , j ∈ M 2 , n ∈ N , and k ∈ K.
After further calculations, the computational complexity of the RB assignment problem can be obtained as
where C y x represents the combination operation, which is defined as
Note that x and y are both nonnegative integers, and (0)! is defined as 1. Moreover, when we take the power allocation procedure into consideration, the computational complexity of the joint optimization problem formulated in (13) and (14) is
where Q = P max /Δp, and P max represents the maximum transmit power that a communication link can acquire, whereas Δp is the transmit power precision when adjusting the power of different communication links on each RB. The problem in (13) and (14) is a mixed-integer programming which is an NP-complete problem [34] . It implies that there is no known polynomial-time algorithm for finding all the feasible RB assignment and power allocation vectors. According to (17) , the number of possible combinations in the search space can grow exponentially with the number of links increasing. In other words, a brute force search algorithm is computationally prohibitive.
IV. GRAPH COLORING BASED RESOURCE SHARING SCHEME
In this section, the GCRS scheme is proposed for the uplinks, downlinks, and D2D communication links in the investigated cellular network, in order to obtain a suboptimal RB assignment and power allocation solution of the joint problem in (13) and (14) with low complexity. We assume that the BS can acquire local awareness on the channel gains of each communication link and interference relationships among different communication links [35] , [36] , i.e., the BS has global CSI. Specifically, the BS can collect channel information via periodically transmitting and receiving data from other communication nodes. After this, the BS will take channel information into consideration when assigning radio resources to cellular uplinks, downlinks, and D2D links.
A. Graph Construction
The first step of the graph coloring based resource sharing scheme in the D2D communications underlaying full-duplex cellular networks is to construct the graph corresponding to the network topology. Considering an illustrative example in Fig. 1 , we construct an interference-aware graph as shown in Fig. 2 , where A 1 , A 2 denote two uplinks, B 1 and B 2 denote two downlinks, and D 1 and D 2 denote two D2D links. The constructed graph is denoted by G = (V, E), where each vertex V i in the vertices set V represents an uplink, a downlink, or a D2D communication link, each edge in the edges set E represents the potential mutual interference between two vertices, and each RB is represented by one color. Besides, each vertex has a candidate color list that represents the allocated RBs. Since Fig. 2 denotes the original state of the denoted graph, the candidate color lists of vertices are blank, i.e., the links have not been assigned with spectrum resources. Based on the statements above, our goal is to use K colors to dye the vertices in the graph.
We will discuss the details of the graph in the following. There are four attributes of the vertices in the constructed graph.
1) Type. It indicates that the vertex belongs to an uplink, a downlink, or a D2D link, i.e., [22] and [23] , the interference from V i to V j is a K × K matrix but not a certain value, since we adopt a more realistic assumption that the channel gains for a communication link or an interference link on different RBs are different, i.e.,
where the element I
represents the interference from V i on the k 1 th RB to V j on the k 2 th RB. Since different RBs are orthogonal, we have I
Therefore, the matrix I V i ,V j can be simplified as
where
is used to represent the interference from V i to V j on the kth RB. Note that, if V i and V j are both uplinks or downlinks, i.e., V i ∈ A, V j ∈ A or V i ∈ B, V j ∈ B, the value of I k V i ,V j is set to infinity to guarantee our assumption that the resource sharing among them is forbidden. On the other hand, since the BS works in full-duplex mode, I k V i ,V j represents the SI on the BS when V i ∈ B and V j ∈ A. Therefore, the value of I k V i ,V j can be accurately calculated as
, otherwise (20) where η has the same definition with that in Section II, i.e., the SI cancellation factor. Then, the weight of edges in the designed graph can be represented by
B. Graph Coloring Based Resource Allocation Algorithm
In this section, the GCRS scheme is proposed to effectively assign the RBs to different communication links in the cellular network, and allocate the transmit power of each link on each allocated RB. As stated above, different links are regarded as different vertices. In our algorithm, each RB is represented by one color, and our goal is to use different colors to dye the vertices in the graph in order to achieve a suboptimal network performance.
Although in the literature, some work [37] , [38] also used graph coloring idea for resource allocation in D2D underlaying cellular networks, there are obvious differences between our investigation and the existing work. First, due to the introduction of full-duplex communications, the interference environment of our investigated scenario becomes much more complicated. Second, in our work, we consider a more general case that the BS also needs to allocate RBs to the cellular uplinks and downlinks, which also brings an additional link pair selection problem. Third, we jointly take both the RB assignment and power allocation into consideration in our formulated problem, which greatly increases the computational complexity and brings new challenges to the effective and efficient design for resource allocation algorithm based on graph coloring.
Corresponding to the assumptions described in Section II, several rules during the coloring process should be clarified. 1) Each vertex has the right to be dyed by the kth color, while k can be any value in set K. 2) A "vertex pair" is defined as the combination of an uplink vertex V i ∈ A and a downlink vertex V j ∈ B, if the two vertices are dyed by the same color. Note that this color cannot be used by other vertex pairs, which corresponds to the constraint that different link pairs cannot share the same resources, otherwise the transmitted information will be mixed at the BS and cannot be distinguished. To process the proposed graph coloring based RB assignment algorithm, we first give some definitions as follows.
1) The vertex set S k represents the set of communication links that share RB k for individual data transmission. Based on this, the coloring circumstance of the whole graph can be represented by a vector S = [S 1 , S 2 , . . . , S K ]. We also define that S k is the complementary set of S k , i.e., S k = V − S k . 2) The throughput value v T (S k ) is defined as the sum of the channel capacity for all the communication links that belong to the set S k , taking the mutual interference relationships among them into consideration. Therefore, the value v T (S k ) can be calculated as
and then, the total network throughput, which is denoted by T , can be given as
3) The interference value v I (S k ) is defined as the sum of the mutual interference value between every two communication links that belong to set S k . Therefore, the value v I (S k ) can be calculated as
The basic idea of the graph coloring based algorithm is to iteratively dye the uncolored vertices and gather them to the corresponding RB set S k . The throughput value v T (S k ) and the interference value v I (S k ) are taken into consideration to maximize the network throughput value T .
As described in Table I , at the beginning of resource allocation process, the graph that indicates the situation of the network is constructed, in which vertices that indicate different communication links are uniformly generated in the area of cellular network. Then, as an initialized power allocation state, the transmit power of each link is averagely allocated on different RBs. Next, each vertex's individual information is initialized based on the collected CSI of the communication links, which means the color attribute vector L(V i ) and all the elements of the edges weight vector E V i ,V j are set as zero matrices. Besides, the vertex set S k is initialized as an empty set, while the throughput value v T (S k ) and the interference value v I (S k ) are initialized to zero. After that, each vertex's weight w k (V i ) is calculated for preparation of the coloring process.
Then, consider the most important part of the graph coloring based resource allocation algorithm, i.e., the coloring process. We first select a vertex V i from S k , dye it with one color, and update the throughput value v T (S k ). If V i ∈ A or B, then find another vertex V j to make them form a vertex pair. After all the feasible coloring choices are tried, we update the throughput value with the largest v T (S k ), and color the corresponding vertex pair or D2D vertex, which means l k (V i ) = 1 (if a vertex pair is colored, then we have l k (V j ) = 1 as well). After one vertex pair or D2D vertex is colored, the individual information of all vertices is updated. We repeat this procedure until coloring a new vertex pair or a D2D vertex cannot result in a larger throughput value v T (S k ). After all the K colors are used to dye the vertices, we can start the power allocation procedure. First, the interference value v I (S k ) is calculated according to Section VI. Next, we define s as the sum of the v I (S k )'s inverse, i.e., s =
, where δ k denotes the power allocation factor on RB k and can be calculated
. After that, the transmit power of (25) which represents the largest power the vertex V i can be allocated with respect to the vertex type it belongs to.
After the power allocation procedure, we use the updated transmit power of each link on each RB to repeat the RB assignment procedure. Note that the RB assignment and power allocation procedures should be performed iteratively until one or more of the following conditions is satisfied.
1) No vertex pair or D2D vertex can be added to vertex set S k with k ∈ K and the result in (23) converges, i.e., |T t − T t−1 | < ε, where T t represents the value of T after tth iterations, and ε is a sufficiently small threshold.
2) The number of iterations t reaches the upper bound t max . Finally, the resource allocation solution can be represented by {L(V i ), R(V i )|V i ∈ V}. The BS then announces the obtained solution to the corresponding cellular and D2D communication links, based on which those links can perform their individual data transmission with permitted transmit power on the allocated RBs. Fig. 3 is an illustrative colored example. In Fig. 3 , each vertex has a color list, the element of which indicates whether this vertex is dyed by the kth color. If the color lists of two vertices have common elements, an edge between them will be established to denote the caused mutual interference between them. When calculating the interference values, the interference channel information is acquired by real-time channel measurement at first, and then collected by the BS, based on which the interference values can be calculated according to Section VI.
C. Complexity Analysis
As given in Table I , the proposed graph coloring based algorithm is proceeded in an iterative manner. Based on different information of the investigated network, the initial states of the constructed interference graph are different, which will lead to different number of iterations to obtain the final solution. Therefore, we focus on the worst case complexity, which can sufficiently verify the efficiency of the proposed algorithm in reducing the complexity.
Because our proposed algorithm is a combination of RB assignment and power allocation, in order to calculate the computational complexity of the joint scheme, we can conduct the complexity of the two procedures respectively, and then combine them together. During the procedure of the proposed algorithm, the main idea in finding the suboptimal RB assignment solution is to iteratively add new vertices to vertex set S k , i.e., dye the vertices in the graph with RB k , until adding new vertices to S k cannot lead to a better network throughput. Since the cellular link pairs has the higher priority over the D2D links, we should use each color to dye the best vertex pair at first. Therefore, considering the case where all the D2D vertices are colored in each vertex set S k , the worst case complexity of the RB assignment process of the proposed graph coloring based resource allocation algorithm can be calculated as
Because M 1 , M 2 , and N have the same magnitude, the computational complexity described in (26) can be further simplified as follows:
Note that the complexity of finding the maximum or minimum value from a collection with N values is O(N ).
On the other hand, the main idea of the power allocation scheme is to iteratively reallocate the transmit power on RB k according to the inverse ratio of the interference value v I (S k ). Therefore, the computational complexity of the power allocation procedure can be calculated as
As stated above, we propose a scheme that solves the joint RB assignment and power allocation problem iteratively, that is, the RB assignment and power allocation procedure should continue until the vertex set vector S does not change and the new network throughput is not larger than the previous result. Therefore, the computational complexity of the joint problem can be calculated as
where t denotes the number of iterations, and t max denotes the upper bound of t. As long as N and K are reasonably small, the computational complexity of the power allocation algorithm will be mainly determined by t.
From the convergence conditions, we can see that our algorithm will terminate when |T t − T t−1 | < ε or t = t max . That is, our algorithm will stop after at most t max iterations. On the other hand, the values of ε and t max can be chosen according to the system parameters, which can also benefit the flexibility of our algorithm. The following simulation results indicate that within a finite number of iterations, the network throughput shows the tendency of converging to a stable value.
Note that the proposed GCRS scheme can achieve a local optimal solution. First, the GCRS scheme selects the best vertex and color it during the coloring process, which guarantees the local optimality at each step. Second, the proposed scheme is an iterative resource allocation scheme, i.e., the solutions of RB assignment and power allocation can be cross optimized iteratively to make the network performance approach an optimized value.
Compared with the complexity of the optimal resource allocation scheme via exhaustive search calculated in (17), we can conclude that the proposed graph coloring based algorithm can effectively reduce the computational complexity to obtain a suboptimal solution, i.e., from exponential level to polynomial level.
V. SIMULATIONS AND DISCUSSIONS
Monte-Carlo simulations are conducted in this section to evaluate the efficiency of our proposed GCRS scheme for the investigated scenario. An isolated cell is considered here with the radius of 500 m, where the BS is located at the center and where the CUEs and D2D pairs are uniformly distributed over the area. In the considered cell, these different communication links coexist and share the RBs for data transmission. Note that the distance between the transmitter and receiver of a D2D pair is fixed. Bases on the LTE standard [39] , we set the maximum BS transmit power as 46 dBm and the maximum UE transmit power as 23 dBm. Table II gives the detailed simulation parameters. Based on the research result given in [20] , we set the SI cancellation factor η as 110 dB (except for Fig. 6 ).
In Fig. 4 , we compare the network throughput of five different resource sharing schemes, namely the traditional orthogonal scheme, the interference graph based resource allocation (InGRA) scheme proposed in [25] , the GCRS scheme for halfduplex scenario, the GCRS scheme without iteration, the proposed GCRS scheme, and the optimal scheme. The results can be summarized as follows.
1) The traditional orthogonal scheme assigns RBs to the cellular link pair or the D2D communication link who has the highest SNR on the corresponding RB, and allocates the selected link the maximum power that it can obtain on this RB. Note that in the traditional orthogonal scheme, each RB is only allocated to the one D2D link or cellular link, i.e., the resource sharing among different links is not permitted. Although in this scheme, no interference will be generated among different communication links, the prohibition on resource sharing greatly limits the improvement of network throughput. It is clear that the other four schemes have achieved better network performance because of the reuse of spectrum resources. 2) The InGRA scheme mentioned in [25] investigates a similar scenario as that in this paper. It first. constructs a graph that regards different communication links as different vertices, and then jointly assign the RBs and allocate the transmit power to the selected appropriate vertices. Compared with our proposed method, the InGRA scheme will allocate as much power as possible to the RB on which the vertex has the highest SNR, which will cause the RBs with lower SNR are allocated with zero transmit power. However, the network performance is better when vertices are assigned with multiple RBs in most cases. Besides, the average power allocation scheme regards the power allocation priority of different RBs as the same, which means the interference cannot be restrained through the power allocation process. Compared with the InGRA scheme, our proposed GCRS scheme considers the interference circumstance on different RBs from the whole picture, and then allocates a smaller power to links on the RB that has a larger interference value, in order to guarantee that the interference can be restrained to a lower level. 3) We compare the GCRS scheme in achieving the network performance between full-duplex and half-duplex communication modes. As shown in the figure, the introduction of the full-duplex communication mode results in an significant improvement of the network throughput, which proves that our investigated scenario is meaningful and efficient. 4) Whether the iterative method can improve the network performance is also measured in this simulation. In the GCRS scheme without iteration, the transmit power of each link on different RBs is averagely allocated. Compared with it, the proposed GCRS scheme achieves a further optimization of the network throughput. The suboptimal result is obtained through the iterative method. 5) We also compare these schemes with exhaustive search based resource allocation scheme. Note that when the number of links becomes sufficiently large, it is difficult to obtain the optimal result because of the computational complexity. Therefore, we stop running our program when the total number of communication links increased to 70. Compared with the optimal scheme, our proposed graph coloring method can achieve a relatively good result with much lower computational complexity. In Fig. 5 , we investigate the effect of the performing iteration in our proposed scheme on the network performance. As shown in Fig. 5 , for a certain total communication link number N , the network throughput improves as the number of the iterations increases at first, then fluctuate within a small range, and finally converges to a certain value. We can also see that the iteration number it needs to converge is not large, which will not obviously increase the computational complexity of our scheme.
In Fig. 6 , we study the relationship between network throughput and SI cancellation for three scenarios. Since there is no SI in half-duplex and D2D scenario, the two curves below the figure are horizontal. As for the GCRS scheme in full-duplex and D2D scenario, the network throughput increases with the SI cancellation. Note that in Fig. 6 , the performance of full-duplex mode outperforms that of half-duplex mode when the SI cancellation is larger than 85 dB. Before this threshold, the SI of full duplex is a little high that the half-duplex mode achieves a better performance.
In Fig. 7 , we compare Jain's fairness indices of multiple resource allocation schemes. From Fig. 7 , we can see that compared with the orthogonal scheme, our proposed GCRS algorithm achieves a higher Jain's fairness index. This is because resource sharing among multiple links can increase the network fairness. Moreover, due to the existence of full-duplex link pairs, the GCRS scheme is better than the same scheme in the halfduplex scenario in terms of fairness. On the other hand, the InGRA scheme [25] has a higher Jain's fairness index, since therein, more D2D links ended up sharing the resources. This, however, may cause increased interference and in turn reduced the global network throughput.
In Fig. 8 , we compare the cumulative distribution function (CDF) curves between the proposed GCRS scheme and a random resource assignment scheme. The total number of uplinks, downlinks, and D2D links is 100. From Fig. 8 , it is clear that the GCRS scheme can result in a larger percentage of the communication links with high SINR than the random scheme, which indicates the efficiency of our scheme.
VI. CONCLUSIONS
In this paper, we introduced the D2D communication concept into a full-duplex cellular network. To the best of our knowledge, this is the first effort of such research. The joint RB assignment and transmit power allocation optimization problem is investigated in a D2D undrerlaying full-duplex cellular network. The analysis demonstrates that the investigated problem is an NP-complete problem. Due to the efficiency of graph theory in solving the resource management problem, we propose the GCRS scheme and analyze its computational complexity. Through Monte-Carlo simulations, the efficiency and effectiveness of our proposed GCRS scheme in achieving a good network performance has been verified. 
